ABSTRACT
INTRODUCTION
Suspension seats with a cross mechanism are widely used in the off-road machinery or buses to reduce the vibration transmitted from the vehicle floor to the vehicle operator. A conventional solid foam or sprung foam can't damp the vibrations at such low frequencies (1-15 Hz) in a satisfying way, especially in such huge vehicles. Moreover, longer stay of vehicle operator in such vibration environments may cause irreversible changes in the human health (Gunston 2000 , Afework and Sankar 1994 , Wei and Griffin 1998 . Especially, it is dangerous for human organs, the resonant frequencies of which are included in the mentioned range of frequencies (Segla and Trisovic 2013) . For such frequencies, even small amplitude disturbances may act to amplify the resonance vibrations of particular human organs. Ipso facto these vibrations may lead to pathological phenomena of the organs and their injury.
Investigations carried out in the Bialystok Public Transport Company (BPTC) lead to the testing of such suspension. The first experimental tests made in BPTC using the Bruel&Kjear accelerometer have shown a strong transmission of vibrations from the vehicle floor to the vehicle seat during bus stop, especially for 12 or 15 meters long bus. The obtained frequencies of vibrations have been in the range of 1-15 Hz, so to improve the conditions of the work of the operator of buses these vibrations need to be reduced.
This paper is divided into two parts. In the first part the mathematical model of passive seat suspension has been modelled in accordance to balance forces acting on the seat.
In the second part the model has been tested for different excitation signals. The obtained results in further investigations allowed us to rebuild the model by using smart materials.
THE MODEL OF THE SEAT SUSPENSION SYSTEM
The passive system of the seat suspension with a cross mechanism, a hydraulic damper and a pneumatic spring is shown in figure 1 . This mechanism reduces the vibration transmitted from the vehicle floor to the vehicle operator, especially in vertical direction. Then, the whole process of the design of the mathematical model of the system is connected with this direction of the vibration. In accordance to figure 1 the equation of motion of the passive system is expressed by:
where: F as -force derived from the pneumatic spring, F dforce derived from the hydraulic damper, F ff -friction force of the system, F bu -force derived from the bump up, F bdforce derived from the bump down, F g -gravity force. In accordance to the scheme shown in figure 1 , the direction of action of both forces F as and F d depends on a pitch angle of an arm cross mechanism relative to their fixed point (2). Then, the change in this angle is caused by the change in the length of both elements: spring elements l as and the hydraulic damper l d and finally in the change of parameters δ a and δ d which are presented in table 1, respectively. So, in accordance to figure 2 and table 1 the obtained analytical equations for forces of spring elements and the hydraulic damper are given in the last row of table 1.
Table 1
Equations for the air spring and the hydraulic damper
Air spring
Hydraulic damper
where: ζ (B → A) -loss factor of fluid by flew with chamber B to A, ζ (A → B) -loss factor of fluid by flew with chamber A to B, and:
Other forces included in equation (1) F g ) are also expressed in an analytical way. Therefore, in accordance to equations (3) - (6) and the last row of table 1, the scheme block of the passive system of the seat suspension has been created.
where: q 0z -displacement of the down platform, q sz -displacement of the upper platform, k ff -stiffness of the friction force, β ff and γ ff -parameters influencing the shape of hysteresis.
All above forces have been used to design the mathematical model of the passive system in the Matlab/Simulink software. The whole system is shown in figure 3 . In accordance to figure 3, all sub-forces in the system consist of one input RS which is described relative to the location of the cross mechanism. Therefore, this value equals the difference between the shift displacement of the upper platform q 0z and the shift displacement of the down platform q sz of the cross mechanism (see fig. 1 ). Additionally, the static deflection of the system equal to 0,135 according to the data sheet of the considered type of the seat -ISRI company -is included.
THE EXCITATION SIGNAL OF THE MODEL
Vibrations in the frequency range of 1-10 Hz are the most typical vibrations which act on a vehicle operator of buses or other working machines (Wu and Griffin 1996) . For further investigations as an excitation signal the random signal has been used. The signal is modelled with the random number generator (rand) embedded to the Matlab/Simulink software:
where: q(t) -acceleration of the vibration signal in vertical direction, a max -maximum amplitude of the vibration signal, t -time, t s -sampling time (t s = 0.001 s).
Amplitudes of excitation signals are random, so it was not possible to find out the exact value of the signal in time domain. The probability density function of the signal q(t) for the parameters: µ = 0,004 and σ = 5.7666 of Gaussian disturbance is presented in figure 4b (Heinzel 2002) . So, to simplify further investigations, the probability density function 
ESTIMATION OF THE VIBRO-ISOLATION SYSTEM
One of the performance indexes of the vibro-isolation system is the ratio of transmissibility of vibration (TFE). Since this value can be calculated simply, this performance index is very often used to estimate the ability of the passive system to reduce the vibrations. So, according to equation (11) this value has been calculated only for the vertical direction of the vibrations:
where: (q 0zw ) RMS -root mean square value of acceleration of vibration of m 0 , (q szw ) RMS -root mean square value of acceleration of vibration of the excitation signal.
Above RMS values of vibrations are expressed by the following equation:
and ( 
SIMULATION TESTS
According to figure 3 all calculations have been carried out for the isolation mass equal to 100 kg, time simulation of 50 s and different types of excitation signals: random and impulse, respectively. The typical excitation signals like: step or sinusoidal signals have not been included because the most typical of excitation signals that are met in real machines are random signals. In figure 5 one can see that the effect of damping the vibrations has been achieved. The obtained values of transmissibility are less than unit (TFE = 0,523 -random signal, TFE = 0,7602 -impulse signal), so the passive system has reduced the vibrations in the considered frequency band.
CONCLUSION AND FUTURE WORK
This paper presents a process of modelling the passive system of the seat suspension of the Solaris bus by using the Matlab/Simulink software (Kandhasamy 2010). Furthermore the model shown in figure 3 has an additional block SEAT_ Factor used to calculate the ratio of transmissibility of the vibration as one of the performance indices of the vibro-isolation system. The obtained values of TFE have proved the correct operation of the system for the chosen signal excitations. Those results are correct and encouraging to future work. Currently, the system is being rebuilt and the hydraulic damper is replaced by piezo-actuators. The first results in time and frequency domain have already been obtained for these piezo-actuators. The results of the active vibration damping system for the seat suspension will be presented soon in the next paper.
